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Stimulation of epithelial cell cycling by the neuropeptide head activator was analyzed in Hydra magnipapillata and
compared with the action of head activator on bud formation and tentacle formation during head regeneration. The results
obtained indicate that head activator treatment stimulates epithelial cell division and induces the formation of more
tentacle-speci®c epithelial cells. The number of additional epithelial cells which undergo mitosis during head activator
treatment accounts for the increased number of epithelial cells present in the regenerated tentacles. Therefore, the head
activator stimulation of tentacle formation can be explained by the mitogenic action of head activator on tentacle cell
precursors. To analyze stimulation of bud formation by head activator, polyps of different developmental age were tested
under conditions of long-term treatment, and effects on bud formation were compared with effects on epithelial cell
proliferation. Head activator treatment strongly stimulated bud formation, but had no detectable effect on epithelial cell
numbers. Bud formation occurs at smaller polyp size as a result of head activator treatment, indicating that head activator
signi®cantly interferes with the patterning system in hydra. q 1997 Academic Press
INTRODUCTION the mitotic behavior of cells at the regenerating tip and
hence the size of the precursor pool for tentacle formation.
Head regeneration in hydra is stimulated by a neuropep- Recent experiments have also shown that treatment of
tide, the head activator (pGlu-Pro-Pro-Gly-Gly-Ser-Lys-Val- intact hydra with head activator can increase the amount
Ile-Leu-Phe), isolated from hydra tissue (BodenmuÈ ller and of tentacle tissue (Hobmayer et al., 1990). This effect was
Schaller, 1981). Treatment of regenerating polyps for several restricted to apical tissue in the tentacle formation zone at
hours with pM concentrations of head activator leads to the base of tentacles and did not occur in proximal tissue.
regeneration of about 15% more tentacles per animal after In the experiments presented here, we have examined the
several days (Schaller, 1973; Javois and Tombe, 1991). Head mitogenic action of head activator in more detail. In particu-
activator also acts as a mitogen. Treatment of intact ani- lar, we have directly compared mitogenic effects on epithe-
mals increased the number of S phase cells after about 12 lial cells with the stimulation of tentacle formation in the
hr (Schaller, 1976a). At present, it is unclear whether the same tissue. We have investigated both intact and regener-
mitogenic effect is related to the increase in tentacle num- ating animals.
ber. However, major changes in mitotic index have been We have also analyzed the effect of head activator on
reported in regenerating tips (Park et al., 1970; Holstein et bud formation. During bud formation, tissue from the lower
al., 1991). Thus, it is possible that head activator perturbs gastric region evaginates, differentiates a head at its tip, and
®nally detaches as a small polyp from the mother animal.
It is generally assumed that head formation during budding1 To whom correspondence should be addressed at Johann Wolf-
and head regeneration are governed by the same moleculargang Goethe-UniversitaÈt, Zoologisches Institut, AK Zell- und En-
mechanisms, since both processes are stimulated by headtwicklungsbiologie, Theodor-Stern-Kai 7 - Haus 75, 60590 Frank-
activator (Schaller, 1973), and inhibited by an inhibitor ex-furt am Main, Germany. Fax: (49)-69-6301-7639. E-mail: Hobmayer
@zoology.uni-frankfurt.d400.de. tracted from hydra tissue (Berking, 1977, 1979). Head activa-
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animals were incubated in hydra medium containing 5 mM BrdU.tor effects on bud formation were previously analyzed only
Since epithelial cells in hydra have no G1 phase, both postmitoticafter short-term treatments (Schaller, 1973, 1976b; Schaller
cells immediately enter S phase (David and Campbell, 1972). Thus,et al., 1979), and mitogenic head activator effects were not
the number of S phase cells provides a direct measure for the ratemeasured in these experiments. Thus, the role of head acti-
of mitosis. To identify S phase cells, pieces of labeled tissue (regionsvator in bud formation is not clear at present.
1 and 3; also referred to as upper and midgastric regions) were
In a new set of experiments we have attempted to distin- excised, dissociated into single cells by maceration (David, 1973),
guish effects on bud formation from effects on epithelial cell spread onto gelatin-coated slides, and stained with anti-BrdU anti-
proliferation under conditions of long-term head activator body (Gratzner, 1982; Becton±Dickinson).
treatment. In particular, we have analyzed polyps of differ- In regenerating hydra, epithelial cell cycling was measured by
pulse labeling with BrdU. At different times during head regenera-ent developmental age in order to determine the generality
tion, regenerating tips were isolated and incubated in hydra me-of head activator effects, since previous work had empha-
dium containing 5 mM BrdU. After 45 min exposure to BrdU, thesized the importance of examining narrowly de®ned devel-
regenerating tips were macerated into single cells, spread onto gela-opmental stages. Our results demonstrate a striking stimu-
tin-coated slides, and stained with anti-BrdU antibody.lation of bud formation in head activator-treated animals.
Visualization of nuclei stained with anti-BrdU antibody wasThe extent of the effect depends on developmental age and
done as described by Holstein et al. (1991) using an alkaline phos-
duration of treatment. It is independent of effects on epithe- phatase reaction. The labeling index in each sample was deter-
lial cell proliferation, suggesting that head activator inter- mined by examination of about 250 epithelial cells under phase-
feres with the endogenous patterning system in hydra. contrast optics.
MATERIALS AND METHODS Quantitative Assay for Tentacle Formation
The effect of head activator on tentacle cell differentiation wasHydra Culture
investigated during head regeneration. Head activator treatment
was performed for 18 hr either in intact hydra, before head regenera-Wildtype strain 105 of Hydra magnipapillata (Sugiyama and
tion was started, or in head regenerates immediately after headFujisawa, 1977) was used for all experiments. Hydra were mass-
removal. Head regeneration itself was initiated by bisecting thecultured according to Loomis and Lenhoff (1956) in 1 mM CaCl2 ,
polyps below the whorl of tentacles or in the midgastric region0.1 mM MgCl2 , 0.1 mM KCl, and 1 mM NaHCO3 at 187C and
(between regions 2 and 3). After 96 hr of regeneration, all regener-fed daily with freshly hatched Artemia nauplii. The medium was
ates were anesthetized in 2% urethane in hydra medium (maxi-changed 6±8 hr after feeding; 24 hr after feeding, experimental
mum 1 min) to elongate tentacles and ®xed with Lavdowski's ®xa-animals were selected. Polyps showing their ®rst bud protrusion
tive (ethanol:Formalin:acetic acid:water, 50:10:4:40). Then, the pol-(stage 1±3, Otto and Campbell, 1977) and large, nonbudding pol-
yps were stained with the DNA-speci®c ¯uorochrome DAPIyps were used as indicated. In order to designate regions within
(Leeman and Ruch, 1982) to identify and count individual epithelialexperimental animals, the bodies of budding and nonbudding hy-
cell nuclei in the regenerated tentacles.dra were considered to consist of ®ve equal parts starting below
the whorl of tentacles. All experiments were carried out at a con-
stant temperature of 18 { 17C.
Determination of Epithelial Cell Numbers
To determine epithelial cell numbers, hydra were macerated intoHead Activator
single cells in a maceration solution containing glycerin:acetic
Synthetic head activator (BACHEM, Switzerland) was solubi- acid:water (1:1:7). Single cell suspensions were then ®xed in 4%
lized in tri¯uoroethanol, lyophilized in 5-nmol samples, and stored Formalin and spread onto gelatin-coated microscope slides. Macera-
at 0207C. One sample was solubilized in 250 ml 3 M (NH4)2SO4 tion as well as identi®cation of epithelial cells was carried out
and 250 ml distilled water and further diluted with 1% BSA (bovine according to David (1973). Total numbers of epithelial cells per
serum albumin) in PBS (phosphate-buffered saline). Final dilution hydra were determined under phase-contrast optics. At least 1000
(1:1000) to the end concentration (1 pM) was done with hydra me- epithelial cells were counted in each sample.
dium. All steps were done on ice.
For continuous head activator treatment, experimental animals
were incubated in 1 pM synthetic head activator at a density of 1
hydra/ml for a period of 4 days. Treatment was started 24 hr after RESULTS
the last feeding. During the treatment, freshly prepared head activa-
tor solution was supplied in fresh hydra medium at 12-hr intervals. Head Activator Stimulates Epithelial Cell Cycling
Hydra medium was also changed in controls.
in Regenerating Tips
Immediately following removal of the head, there is a
Cell Cycling dramatic decrease in the number of S phase cells in the
regenerating tip (Holstein et al., 1991). Since hydra epithe-In intact animals, epithelial cell cycling was analyzed by contin-
lial cells enter S phase directly from mitosis (no G1 phase;uous labeling with the thymidine analog 5*-bromo-2*-deoxyuridine
(BrdU, Sigma Chemicals; Plickert and Kroiher, 1988). Experimental David and Campbell, 1972), these results indicate that re-
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(Fig. 1A) or strongly reduced (Figs. 1B and 1C) the mitotic
inhibition occurring in regenerating tips. Thus, head activa-
tor appears to act on epithelial cells in late G2 just prior to
mitosis.
Effect of Head Activator on Epithelial Cell Cycling
in Intact Hydra
To investigate the action of head activator on epithelial
cell cycling in normal intact hydra, we labeled budding ani-
mals continuously with BrdU during head activator treat-
ment. At various times during treatment, regions 1 and 3
were isolated and the labeling index of epithelial cells was
determined in maceration preparations.
The labeling index increased continuously from about
24% to about 30% by 18 hr in untreated control animals.
In the upper gastric region of head activator-treated polyps,
the labeling index increased rapidly during the ®rst 6 hr
(Fig. 2A). Since hydra cells lack G1, this rapid increase indi-
cates that head activator stimulates cells in late G2 to enter
mitosis. The number of responding cells appears to be lim-
ited since the increase in S phase cells levels off after about
6±9 hr (Fig. 2A).
In the midgastric region of budding animals, there was a
strikingly different result (Fig. 2B). Head activator treatment
caused no increase in the number of S phase cells compared
to untreated controls. Hence, G2 epithelial cells in the prox-
imity of developing buds do not respond to head activatorFIG. 1. BrdU pulse labeling of epithelial cells in the distal tip of
treatment. By comparison, in the equivalent area in nonbud-head regenerating hydra. At t0 , head regeneration was initiated by
ding animals (Fig. 2C), head activator does stimulate epithe-cutting below the whorl of tentacles (A) and in the midgastric re-
lial cell mitosis.gion (B) in budding hydra; in (C), nonbudding hydra were cut in
the midgastric region. Head activator treatment began immediately
after the surgery. Solid symbols: head activator-treated regenerates;
Effect of Head Activator on Tentacle Formationopen symbols: untreated controls. Each symbol represents analysis
of 5±6 regenerating tips. Different symbols indicate independent Previous work has shown that head activator stimulates
experiments. tentacle formation in both intact and regenerating animals
(Schaller, 1973; Schaller et al., 1989, 1990; Hobmayer et al.,
1990; Javois and Tombe, 1991). To what extent mitogenic
stimulation of precursor cells plays a role in this stimula-generation causes a transient block to mitosis (see also Park
et al., 1970). tion is unknown. To investigate this question, we measured
the number of regenerated tentacle epithelial cells in theTo investigate the effect of head activator on this mitotic
inhibition in regenerating tips, head regeneration was initi- same animals used above to test the effects of head activator
on cell proliferation.ated and the body columns allowed to regenerate for 18
hr. At various times, the regenerating tips were excised, The results in Table 1 indicate that head activator treat-
ment during regeneration increased the number of regener-pulse labeled with BrdU, and macerated to score the label-
ing index. ated tentacle epithelial cells by about 20±30%. This in-
crease occurred in both budding and nonbudding animalsThe results in Fig. 1 indicate that the labeling index in
regenerating tips of untreated controls decreased for the ®rst and was independent of the site at which regeneration oc-
curred (cut below tentacles or cut at lower gastric region).6±9 hr of regeneration, in agreement with previous observa-
tions (Park et al., 1970; Holstein et al., 1991). The decrease Since head activator treatment also stimulated epithelial
cell cycling in these animals (Fig. 1), it appears likely thewas essentially the same irrespective of whether head regen-
eration occurred in the upper or the midgastric region (Figs. increase is due to mitogenic stimulation of tentacle precur-
sor cells.1A and 1B); it also occurred in nonbudding hydra (Fig. 1C).
Thereafter, the labeling index increased to a normal level Intact animals treated with head activator before regener-
ation was initiated responded differently. Formation of in-of about 20% by 18 hr. Head activator-treated regenerates,
by comparison, showed a strikingly different pattern of la- creased numbers of tentacle epithelial cells occurred in up-
per gastric regenerates from budding animals and in midgas-beling. Head activator treatment either completely blocked
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tatively. Regenerating tips (shaded area in Fig. 1A) contain
4200 { 460 epithelial cells (analysis of 15 explants), of
which about 20% are in S phase in head activator-treated
animals (Fig. 1A). By comparison, the number of S phase
cells transiently decreases in untreated regenerates (Fig.
1A). To quantify this difference, the area under the curves
in Fig. 1A was integrated. Assuming a S phase length of
about 12 hr (David and Campbell, 1972), the difference in
the two curves corresponds to about 300 additional epithe-
lial cells in S phase as a result of head activator treatment.
This is roughly equal to the increase in regenerated tenta-
cle epithelial cells induced by head activator treatment
(Table 1).
Effect of Continuous Head Activator Treatment on
Bud Formation
It is generally assumed that head formation during bud-
ding and head regeneration are governed by the same molec-
ular mechanisms, since both processes are stimulated by
head activator (Schaller, 1973), and inhibited by an inhibitor
extracted from hydra tissue (Berking, 1977, 1979). To what
extent mitogenic effects play a role in this stimulation is
unknown. We therefore analyzed the relationship between
effects of head activator treatment on bud formation and
epithelial cell proliferation by long-term head activator
treatment using animals of different developmental age. To
obtain animals of different developmental age, large bud-
ding hydra were separated from the mass culture, fed daily,
and allowed to produce buds. Freshly dropped buds were
harvested daily. These buds constituted cohorts of polyps
of de®ned age. The cohorts were cultured further under
daily feeding. Polyps of the oldest cohort began to produce
bud protrusions on the fourth day, at which point feeding
FIG. 2. Labeling kinetics of epithelial cells continuously labeled was stopped and all cohorts were subjected to continuous
with BrdU in the upper gastric region of budding hydra (A) and the treatment with 1 pM synthetic head activator for 4 addi-
midgastric region of budding (B) and nonbudding (C) hydra. BrdU tional days. Untreated control groups were incubated in
labeling and head activator treatment both began at t0 . Solid sym- hydra medium. The number of newly formed bud protru-bols: head activator-treated polyps; open symbols: untreated con-
sions was counted during the period of head activator treat-trols. Each symbol represents analysis of 6±10 tissue explants. Dif-
ment; simultaneously, groups of hydraÐincluding all theirferent symbols indicate independent experiments. Lines were de-
budsÐwere macerated at t0 and t4 to determine changes inrived from linear regression analysis.
epithelial cell number.
Bud formation in the different groups is outlined in Figs.
3A±3D. The largest animals (Fig. 3A) continued to produce
buds over the course of 4 days, reaching levels of 1.0 budstric regenerates from nonbudding animals (Table 1).
Epithelial cell cycling was also stimulated by head activator per mother animal in untreated controls. Smaller animals
(Fig. 3B or 3C), by comparison, only started to form budsin both these tissues (Figs. 2A and 2C). By comparison, mid-
gastric regenerates from budding animals did not form more after 1±2 days and produced fewer total buds. The smallest
animals (freshly detached, Fig. 3D) did not bud at all.tentacle epithelial cells following head activator treatment
(Table 1) and epithelial cell cycling was not stimulated by Continuous head activator treatment had a dramatic ef-
fect on bud formation. In all cohorts, buds were formedhead activator treatment in such animals (Fig. 2B). Thus,
formation of additional tentacle tissue is correlated with faster and more total buds were produced than in controls.
For the groups of larger animals (Figs. 3A±3C), the differ-mitogenic stimulation of potential tentacle precursor cells.
To estimate whether the mitogenic effect is suf®cient ence in bud formation amounted to an increase of roughly
0.5±1 bud per mother animal after 4 days of head activatorto explain the increase in regenerated tentacle cells, we
estimated the number of additional precursor cells quanti- treatment. In the youngest group, in which untreated con-
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TABLE 1
Effect of Head Activator on Tentacle Size in Head Regenerating Hydra
Budding hydra
Nonbudding hydra cut
Cut below tentacles Cut at lower gastric region at lower gastric region
HA treatment (cells 1 100) (cells 1 100) (cells 1 100)
Before regenerationa 20 { 4 (26)* 11 { 2 (0) 8.0 { 1.6 (18)*
During regenerationb 19 { 4 (20)* 14 { 4 (29)* 8.3 { 1.7 (23)*
Control 16 { 2 11 { 2 6.7 { 1.2
Note. After 96 hr of regeneration, the number of regenerated tentacle epithelial cells per polyp was determined. Data are given as means
{ one standard deviation from 14±39 regenerates. Percent increase in epithelial cell number in head activator-treated hydra over untreated
controls is shown in parenthesis. Asterisks indicate means of head activator-treated hydra that are signi®cantly different from untreated
controls at a 95% con®dence limit (Student's t test).
a Intact hydra were incubated in 1 pM head activator for 18 hr. Then, head regeneration was initiated and the regenerates were transferred
to hydra medium.
b Head regenerates were incubated in 1 pM head activator for 18 hr immediately after head removal and then transferred to hydra
medium.
trols produced no buds, the effect of head activator treat- tacles differentiated as a result of head activator treatment.
By comparison, in our experiments, head activator causedment was comparatively small (Fig. 3D).
Figures 3E±3H indicate the size of the animals in the four a 20±30% increase in the number of regenerated tentacle
cohorts at t0 and changes in epithelial cell number during the epithelial cells (Table 1). This increase occurred in both
experiment. As a result of different developmental age, there budding and nonbudding animals, as well as in regenerates
are clear differences in cell number at t0. Freshly dropped buds of the upper and midgastric region (Table 1), and was always
had only 15,000 epithelial cells, while polyps with a ®rst bud correlated with a stimulation of epithelial cell cycling in
protrusion had about 30,000 epithelial cells. During the 4 days the corresponding tissues (Figs. 1 and 2). Thus, formation
of bud formation, the total number of epithelial cells (per of additional tentacle tissue is directly correlated with mito-
mother animal including buds) remained nearly constant due genic stimulation of potential tentacle precursor cells.
to the lack of feeding. Head activator treatment had no sig- A quantitative estimate indicates that the number of addi-
ni®cant effect on cell numbers. The cell numbers in the three tional precursor cells as a result of mitogenic stimulation is
smallest groups at t4 were { 10% the same as those at t0. roughly the same as the observed number of additional tenta-
Only in the largest animals were the changes in cell number cle cells in regenerating hydra. The difference in the pulse-
larger than 10%. These results indicate that in such long-term labeling kinetics between treated and untreated regenerates
experiments there is no cumulative effect of head activator in Fig. 1A corresponds to about 300 additional epithelial cells
on mitotic activity. Thus, the striking stimulation of bud for- in S phase as a result of head activator treatment.
mation by head activator can not be due to stimulation of These cells can differentiate directly to an equivalent
mitotic activity. number of tentacle cells since tentacle cells complete differ-
entiation in G2 without further division (DuÈ bel and
Schaller, 1990). An equivalent calculation made for intact
animals leads to the same conclusion (data not shown).DISCUSSION
Head activator responsive cells could be precursors which
are already committed to tentacle epithelial cells and whichHead activator has been shown to act as a mitogen on
undergo a further round of cell division as a result of headproliferating epithelial cells and to enhance head-speci®c
activator treatment. Alternatively, they could be uncom-differentiation processes during head regeneration and bud-
mitted epithelial cells which are induced to divide, thusding. The experiments presented here examine possible re-
creating additional cells in S phase as potential precursorslationships between mitogenic stimulation and morphogen-
able to respond to endogenious signals for tentacle forma-etic stimulation of tentacle formation and budding.
tion. It seems likely to us that the second possibility isIn Schaller's original characterization of head activator
correct since midgastric tissue from nonbudding hydra also(1973), only a minor effect on head regeneration was found,
responds to head activator. This tissue lacks tentacle celli.e., the number of regenerating tentacles increased by 10±
precursors as revealed by in situ hybridization with ks1, an15% following head activator treatment. Javois and Tombe
early tentacle battery cell-speci®c transcript (Weinziger et(1991) con®rmed this result and found that the increase in
al., 1994). By comparison, ks1-positive cells are common intentacle number occurred only transiently, i.e., tentacles
evaginated earlier than in control animals, but no extra ten- the distal gastric tissue at the base of tentacles (tentacle
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FIG. 3. (A±D) Cumulative number of buds per hydra ({SD) produced in polyps of different developmental age. Solid symbols: continuous
head activator treatment; open symbols: untreated controls. Sample size: 90±140 polyps from three independent experiments. (E±H)
Changes in epithelial cell number in polyps of different developmental age. Shaded bars: continuous head activator treatment; open bars:
untreated controls. Each bar represents analysis of 90 macerated hydra from three independent experiments ({SD).
formation zone). Nevertheless, midgastric tissue from non- system. According to such an alternative hypothesis, head
activator treatment results in the formation of a morphoge-budding hydra responds to head activator treatment with
increased tentacle cell differentiation. This response is pre- netically ``activated'' regenerating apical end. Since the api-
cal end exerts an inductive in¯uence on tentacle formationsumably due to head activator-stimulated mitosis of epithe-
lial cells and hence to an increase in the pool of precursors (Meinhardt, 1993; Technau and Holstein, 1995), an acti-
vated apical regenerating dome gives rise to more tentaclesavailable for commitment to tentacle cell differentiation.
Midgastric regenerates from budding animals did not and more tentacle epithelial cells than the apical dome in
an untreated regenerate. A transient increase in the absoluteform more tentacle epithelial cells following head activator
treatment prior to the initiation of regeneration (Table 1). number of tentacles in head activator-treated regenerates
(data not shown; Javois and Tombe, 1991) could re¯ect suchThis failure is due to the failure of this tissue to respond
mitogenically to head activator treatment (Fig. 2B). The rea- a transiently altered patterning system.
Our results on bud formation demonstrate that head acti-son for this unresponsiveness is at present unclear, but pre-
sumably is related to the presence of a developing bud. vator effects the patterning system in hydra. We found a
striking stimulation of bud formation in head activator-The above experiments reveal that head activator-stimu-
lated tentacle formation in regenerates can be explained by treated animals (Figs. 3A±3D). The extent of the effect de-
pends on developmental age and duration of treatment, andhead activator-stimulated epithelial cell mitosis. However,
we actually do not know whether this effect is direct or it is independent of effects on epithelial cell proliferation
(Figs. 3E±3H).indirect, and we cannot rule out that head activator treat-
ment could also interfere with the endogenous patterning To demonstrate the relationship between budding and
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vator-treated or temperature-treated polyps will be smaller
at the time of bud formation. An alternative explanation
for the head activator effect is to assume that head activator
activates bud formation. Under this assumption head acti-
vator-treated tissue becomes more resistant to inhibition
and thus can form buds at inhibitor levels which still inhibit
bud formation in untreated tissue.
The fact that head activator stimulates bud formation is
not new (Schaller, 1973, 1976b; Schaller et al., 1979). The
results presented here, however, differ from the previous
measurements. We have assayed effects in whole animals,
whereas Schaller assayed head activator effects primarily in
regenerating animals (animals lacking heads and thus head
inhibition). Our experiments represent long-term treat-
ments, whereas most of the Schaller observations were
made on animals treated for only a few hours. Nevertheless,
the results are comparable. Schaller obtained the strongest
FIG. 4. Relationship between bud formation and number of epi- stimulation of bud formation in big budless polyps which
thelial cells per hydra after 4 days of continuous head activator are roughly equivalent to polyps in Figs. 2B and 2C. These
treatment. Data were taken from Fig. 3. Different symbols indicate polyps do not form buds under control conditions, whereas
the different cohorts as used in Figs. 3A±3D. Solid symbols: contin- bud formation is induced by head activator treatment. As-
uous head activator treatment; open symbols: untreated controls. suming that there was no effect of head activator treatmentLines were derived from linear regression analysis.
on the size of tissue pieces, Schaller's observation is equiva-
lent to bud formation at smaller size, which we observed
as a result of head activator treatment.
cell numbers in more detail, the number of buds per hydra
on Day 4 was plotted against the corresponding number of
epithelial cells per hydra for the different cohorts (Fig. 4). ACKNOWLEDGMENTS
The results were taken from Fig. 3. As expected, bud produc-
tion was directly correlated with the amount of tissue. In We thank Dr. T. Sugiyama for supplying wildtype strain 105 of
untreated hydra, the number of buds increased with the Hydra magnipapillata and Drs. H. C. Schaller, S. Berking, and H. K.
total number of epithelial cells. Head activator-treated hy- MacWilliams for helpful comments on the manuscript. This study
was supported by the Deutsche Forschungsgemeinschaft (Da 163/dra exhibited basically the same correlation. However, the
1-2, Ho 1088/1-3).line is clearly shifted toward smaller cell numbers: mother
polyps of head activator-treated animals have about 20,000
epithelial cells at the time of ®rst bud evagination, whereas
mother polyps of untreated animals have about 28,000 epi- REFERENCES
thelial cells at the time of ®rst bud evagination.
Berking, S. (1977). Bud formation in hydra: Inhibition by an endoge-A similar effect on bud formation is induced by tempera-
nous morphogen. Roux's Arch. Dev. Biol. 181, 215±225.ture. Animals maintained at 167C (85,000 total cells per
Berking, S. (1979). Analysis of head and foot formation in hydra bybody column) are larger at the time of ®rst bud formation
means of an endogenous inhibitor. Roux's Arch. Dev. Biol. 186,than animals maintained at 207C (55,000 total cells per body
189±210.
column) (Bode et al., 1973). Furthermore, shifting 167C ani- Bode, H., Berking, S., David, C. N., Gierer, A., Schaller, H. C., and
mals to 207C induces bud formation immediately (David, Trenkner, E. (1973). Quantitative analysis of cell types during
unpublished data). Thus, raising the temperature has the growth and morphogenesis in hydra. Roux's Arch. Dev. Biol. 171,
same effect as head activator treatment: it causes bud for- 269±285.
BodenmuÈ ller, H., and Schaller, H. C. (1981). Conserved amino acidmation in polyps of smaller size.
sequence of a neuropeptide, the head activator, from coelenter-The position of bud formation in the body column is
ates to humans. Nature 293, 579±580.controlled by inhibition from the head of a polyp (Hyman,
David, C. N. (1973). A quantitative method for maceration of hydra1928; Webster and Hamilton, 1972; Berking, 1977). Thus,
tissue. Roux's Arch. Dev. Biol. 171, 259±268.both the head activator effect and the temperature effect
David, C. N., and Campbell, R. D. (1972). Cell cycle kinetics andcan be formally described as a reduction of head inhibition
development of Hydra attenuata. I. Epithelial cells. J. Cell Sci.
in the body column. The reduction could be due to reduced 11, 557±568.
inhibitor production by the polyp head or to increased degra- DuÈ bel, S., and Schaller, H. C. (1990). Terminal differentiation of
dation of the inhibitor in the body column. In either case ectodermal epithelial stem cells of hydra can occur in G2 without
the threshold level of inhibition, below which bud forma- requiring mitosis or S phase. J. Cell Biol. 110, 939±945.
Gratzner, H. G. (1982). Monoclonal antibody to 5-bromo- and 5-tion can occur, will be closer to the head. Hence, head acti-
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8491 / 6x1a$$$$$3 02-04-97 14:27:42 dba
8 Hobmayer, Holstein, and David
iododeoxyuridine, a new reagent for detection of DNA replica- lecular-weight substance activating head and bud formation in
hydra. J. Embryol. Exp. Morphol. 29, 27±38.tion. Science 218, 474±475.
Schaller, H. C. (1976a). Action of the head activator as a growthHobmayer, E., Holstein, T. W., and David, C. N. (1990). Tentacle
hormone in hydra. Cell Differ. 5, 1±11.morphogenesis in hydra. I. The role of head activator. Develop-
Schaller, H. C. (1976b). Head regeneration in hydra is initiated byment 109, 887±895.
the release of head activator and inhibitor. Roux's Arch. Dev.Holstein, T. W., Hobmayer, E., and David, C. N. (1991). Pattern of
Biol. 180, 287±295.epithelial cell cycling in hydra. Dev. Biol. 148, 602±611.
Schaller, H. C., Schmidt, T., and Grimmelikhuijzen, C. J. P. (1979).
Hyman, L. (1928). Miscellaneous observations on Hydra, with spe- Separation and speci®city of four morphogens from hydra. Roux's
cial reference to reproduction. Biol. Bull. 54, 65±108. Arch. Dev. Biol. 186, 139±149.
Javois, L. C., and Tombe, V. K. (1991). Head activator does not qual- Schaller, H. C., Hoffmeister, S. A. H., and DuÈ bel, S. (1989). Role of
itatively alter head morphology in regenerates of Hydra oligactis. the neuropeptide head activator for growth and development in
Roux's Arch. Dev. Biol. 199, 402±408. hydra and mammals. Development (Suppl.) 107, 99±107.
Leeman, U., and Ruch, F. (1982). Cyto¯uorometric determination Schaller, H. C., Hofmann, M., and Javois, L. C. (1990). Effect of
head activator on proliferation, head-speci®c determination andof DNA base content in plant nuclei and chromosomes by the
differentiation of epithelial cells in hydra. Differentiation 43,¯uorochrome DAPI and Chromomycin A3. Exp. Cell Res. 140,
157±164.275±282.
Sugiyama, T., and Fujisawa, T. (1977). Genetic analysis of develop-Loomis, W. F., and Lenhoff, H. M. (1956). Growth and sexual differ-
mental mechanisms in hydra. I. Sexual reproduction of Hydraentiation of hydra in mass culture. J. Exp. Zool. 132, 555±574.
magnipapillata and isolation of mutants. Dev. Growth Differ.Meinhardt, H. (1993). A model for pattern formation of hypostome,
19, 187±200.
tentacles, and foot in hydra: How to form structures close to each
Technau, U., and Holstein, T. W. (1995). Head formation in hydra
other, how to form them at a distance. Dev. Biol. 157, 321±333. is different at apical and basal levels. Development 121, 1273±
Otto, J. J., and Campbell, R. D. (1977). Budding in Hydra attenuata: 1282.
Bud stages and fate map. J. Exp. Zool. 200, 417±428. Webster, G., and Hamilton, S. (1972). Budding in hydra: the role
Park, H., Orthmeyer, A. B., and Blankkenbaker, D. P. (1970). Cell of cell multiplication and cell movements in bud initiation. J.
division during regeneration in hydra. Nature 227, 617±619. Embryol. Exp. Morphol. 27, 301±316.
Weinziger, R., Salgado, L. M., David, C. N., and Bosch, T. C. G.Plickert, G., and Kroiher, M. (1988). Proliferation kinetics and cell
(1994). Ks1, an epithelial cell-speci®c gene, responds to early sig-lineages can be studied in whole mounts and macerated tissue
nals of head formation in Hydra. Development 120, 2511±2517.by means of BrdU/anti-BrdU technique. Development 103, 791±
794. Received for publication December 1, 1995
Accepted December 6, 1996Schaller, H. C. (1973). Isolation and characterization of a low-mo-
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8491 / 6x1a$$$$$3 02-04-97 14:27:42 dba
